• Excess iodine ingestion by a pregnant woman can cause fetal hypothyroidism and goiter development because of the inability of the fetus to escape the Wolff-Chaikoff effect.
Introduction
The developing fetus requires iodine for proper thyroid function [1, 2] . Excess iodine can inhibit proper thyroid function in the fetus, causing hypothyroidism and resulting in a fetal goiter [3, 4] . Being a relatively rare condition, fetal goiter has several possible etiologies including iodine excess or deficiency, congenital dyshormonogenesis, transplacental passage of maternal thyrotropin receptor antibodies, and excess maternal thionamide dosage. A fetal goiter can be diagnosed by antenatal ultrasound [5] . Intra-amniotic levothyroxine injections have been utilized to treat fetal hypothyroidism and goiter [6] [7] [8] . However, the impact of intrauterine therapy on neurodevelopmental outcome remains controversial [7, 9] . Some evidence suggests that waiting until the postnatal period to administer treatment leaves the infant at risk for impaired neurodevelopment [1, 7, [10] [11] [12] .
We present a case of inadvertent maternal ingestion of excess iodine from thyroid supplements provided for infertility treatment resulting in fetal hypothyroidism that was treated with serial intra-amniotic levothyroxine injections, with the goals of preventing respiratory obstruction at birth and reducing the risk of neurodevelopmental impairment. Serial fetal blood sampling documented fetal escape from the Wolff-Chaikoff effect in the mid third trimester. The risks of ingestion of excess iodine during pregnancy are emphasized.
Case Report
A 39-year-old woman was referred at 21 4/7 weeks' gestation for potential therapy of a fetal goiter. Ultrasound findings at initial consultation were significant for a hypervascular, bilobed, symmetrical fetal goiter that measured 2.0 cm cranio-caudal (cc) × 2.2 cm transverse (tr) × 1.4 cm antero-posterior (ap). Reference fetal thyroid dimensions (mean ± SD) at this gestational age are 0.73 ± 0.05 cm (cc) × 1.0 ± 0.31 cm (tr) × 0.28 ± 0.03 cm (ap) [13] . The trachea was visible, but compressed in the region of the goiter. Polyhydramnios was present.
The mother was euthyroid 3 months prior to pregnancy (thyroid-stimulating hormone [TSH] = 2.77 mIU/L, free thyroxine [FT4] = 1.4 ng/dL, total triiodothyronine [T3] = 70 ng/dL, free T3 [FT3] = 2.5 pg/mL, and negative anti-thyroglobulin and anti-thyroperoxidase antibodies). Maternal urinary iodine levels were not measured. However, as part of a fertility-promoting program, the patient's naturopathic provider recommended that she ingest several fertility-promoting vitamin and dietary supplements, of which two were specifically for maternal thyroid health. The first was 40 mg daily of a thyroid biotic made from porcine glandular concentrate, and the second was 12.5 mg daily of iodine (7.5 mg of iodine from potassium iodide + 5 mg of free iodine). Both supplements were initiated approximately 12 weeks prior to conception. Recommendations for iodine supplementation in pregnancy are as follows: World Health Organization (WHO) -250 µg/day [14, 15] , American Thyroid Association (ATA) -220-250 µg/day [15, 16] , and Institute of Medicine (IOM) -220 µg/day [15, 17] . Repeat maternal thyroid studies at 4 1/7 weeks' gestation (TSH 1.76 mIU/L and FT4 1.2 ng/dL) and at 20 5/7 weeks' gestation (TSH 1.04 mIU/L and FT4 1.0 ng/dL) both revealed a euthyroid maternal state.
The patient was informed of our suspicion of fetal hypothyroidism goiter due to transplacental transfer of maternal excess ingested iodine, and was advised to immediately discontinue the thyroid biotic and the iodine supplement. After a discussion of the risks and benefits of invasive in utero testing, the patient elected to proceed. An informed consent form approved by the institutional review board of the University of Southern California was signed by the patient. A fetal blood sample to assess fetal thyroid status and a genetic amniocentesis was performed at 21 4/7 weeks' gestation. Fetal TSH was 94.4 mIU/L and FT4 0.5 ng/dL, consistent with severe fetal hypothyroidism [18, 19] (Table 1) . Amniocentesis revealed a 46,XX karyotype and a normal prenatal microarray.
Management options were discussed, including: (1) serial, prophylactic intra-amniotic levothyroxine injections; (2) expectant management with subsequent intra-amniotic levothyroxine injections if pregnancy-related complications developed, such as esophageal or tracheal compression, or high-output cardiac failure; and (3) termination of pregnancy. The patient was informed about the controversial nature of the impact of intra-amniotic levothyroxine injections on the future neurodevelopmental outcome of the child. Furthermore, the possibility of expectant management after cessation of iodine supplements resulting in normalization of fetal thyroid function and goiter resolution was discussed. The patient elected to proceed with serial intra-amniotic levothyroxine injections (500 µg every 2 weeks). This dose was chosen in order to deliver approximately 10 µg/kg/day to the fetus, assuming 10% of the medication was swallowed and absorbed [9, 20, 21] . The decision was made to also treat the mother with 100 µg of levothyroxine daily due to the concern that abrupt discontinuation of the maternal thyroid supplement may induce maternal hypothyroidism, which would potentially compound the already severe fetal hypothyroidism.
Intra-amniotic levothyroxine injection No. 1 was performed at 22 4/7, No. 2 at 24 0/7, and No. 3 at 26 4/7 weeks' gestation. During this time, the fetal goiter remained stable in size. Immediately following the third injection, a repeat fetal blood sample was performed at 26 4/7 weeks' gestation and demonstrated fetal euthyroidism [18, 19] (Table 1) . At 30 4/7 weeks' gestational age, the fetal goiter had decreased in size, and the tracheal compression and polyhydramnios had resolved. On the same day (30 4/7 weeks' gestation), a third fetal blood sample was performed to verify normal fetal thyroid status after discontinuation of intra-amniotic levothyroxine injections for 4 weeks, and euthyroid status of the fetus was confirmed (Table 1) . Beginning at 32 4/7 weeks, the goiter was no longer visible on ultrasound. Fetal MRI at 33 1/7 weeks' gestation showed mild thyroid enlargement without tracheal narrowing, and no other abnormalities.
The patient delivered at 39 2/7 weeks' gestation by cesarean section, which was indicated due to arrest of descent. The female infant weighed 3,458 g and the thyroid was not palpable at birth. Postnatal thyroid studies revealed a stable euthyroid state by day of life (DOL) 7 (Table 2) . Hearing screening of the neonate revealed a normal response bilaterally. At the age of 7 months, the infant was euthyroid, healthy, and meeting all developmental milestones. 
Discussion
This case highlights the fetal risks of excess maternal ingestion of iodine and describes the controversial management approach of serial intra-amniotic levothyroxine injections. The ingestion of over 50 times the recommended dose of iodine until 21 4/7 weeks' gestation by our patient resulted in severe fetal hypothyroidism and fetal goiter. This case also documented fetal escape from the Wolff-Chaikoff effect in the mid third trimester.
Furthermore, serial postnatal studies demonstrated a long-term euthyroid state. Of note, the DOL 1 (15 h after birth) and DOL 2 (40 h after birth) TSH measurements were not elevated, as normally would be expected from the physiologic TSH surge that occurs immediately after birth. Since the TSH levels exponentially fall within the second hour of life [22, 23] , the DOL 1 measurement may have occurred after the postnatal peak TSH with levels having already dropped down into the normal range. The free T4 level in the upper end of the normal range and the elevated free T3 level also provide indirect evidence that a TSH surge did occur.
The fetus is considered especially vulnerable to the suppressive effects of excess iodine because of the inability of the fetus to escape from the Wolff-Chaikoff effect [24] , which is a protective mechanism that prevents excess thyroid hormone production if plasma levels of iodine suddenly increase [25, 26] . Although not entirely understood, the Wolff-Chaikoff effect is partially explained by a decrease in thyroid peroxidase activity in the setting of excess iodine [3, 27] resulting in transient blockage of thyroid hormone synthesis and transient hypothyroidism [25, 28] . In the mature postnatal thyroid, normal thyroid function resumes after several days due to downregulation of the Na + /I -symporter (NIS) [24] . The decrease in NIS activity and subsequent decrease in intracellular iodide concentration enables the synthesis of thyroid hormone to resume. However, the precise time in which escape from the Wolff-Chaikoff effect develops in the human fetus is unknown. Studies in rats have shown that the ability to escape thyroid gland suppression develops around 18 days of postnatal life [29, 30] . Because the midgestation fetus may not be able to escape the Wolff-Chaikoff effect, excess iodine can result in persistent fetal hy- For reference ranges, see Thorpe-Beeston et al. [18] and Fisher and Brown [44] . TSH, thyroid-stimulating hormone; T4, thyroxine; T3, triiodothyronine; L, low; H, high. [46] , and Erenberg et al. [47] . DOL, day of life; TSH, thyroid-stimulating hormone; T4, thyroxine; T3, triiodothyronine; L, low; H, high. pothyroidism [31] . In our case, the normalization of the fetal TSH had occurred by the time of the second fetal blood sample during the 26th week of gestation. To determine if the normalization was only transient as a result of serial intra-amniotic levothyroxine injections, a third fetal blood sample was obtained 4 weeks after the last intra-amniotic levothyroxine dose and confirmed evidence of fetal escape from the Wolff-Chaikoff effect during the 30th gestational week. Thus, we hypothesize that, within the interval of stopping the iodine supplement at the gestational age of 21 weeks and the final fetal blood sample at 30 weeks, there was downregulation of the fetal NIS allowing for resumption of thyroid hormone synthesis. A more precise estimation of when fetal thyroid hormone production returned is not possible given the concurrent intra-amniotic levothyroxine injections until 26 weeks and that fetal concentrations of iodine were not (serially) measured.
Fetal hypothyroidism may be detected clinically via ultrasound due to the presence of a fetal goiter. Potential pregnancy-and delivery-related complications associated with the fetal goiter are multiple. Esophageal compression leads to the decreased ability of the fetus to swallow amniotic fluid, resulting in polyhydramnios, which increases the risk for preterm delivery [32, 33] . Tracheal compression can lead to asphyxia after birth [32, 33] . Intrathyroidal arteriovenous shunting can cause high-output cardiac failure of the fetus and secondary hydrops [34] . In addition, neck hyperextension from the goiter preventing fetal head flexion could result in malpresentation during delivery and delivery dystocia [35, 36] .
The impact of intra-amniotic levothyroxine treatment on neurodevelopmental outcome remains unknown. It has previously been thought that the fetal brain is unaffected by lack of fetal thyroid hormones, in large part due to transplacental transport of thyroxine from the mother, such that postnatal thyroid hormone replacement should be sufficient for normal neurodevelopment [37] . However, recent studies have shown that, even with adequate screening and postnatal treatment, infants with congenital hypothyroidism may be at risk for some degree of impaired neurodevelopment [1, 7, [10] [11] [12] . This may partly be due to the lack of adequate thyroid hormone levels early in the first trimester, as the fetal thyroid does not produce hormones until approximately 10 weeks' gestation [38] . The precise degree of maternal contribution to fetal thyroid hormone levels up to mid-gestation is not clearly understood [39] . The fetal blood sample in our case at 21 weeks' gestation showed a low T4 concentration, despite a maternal euthyroid state the week prior. Thus, the T4 level in a fetus even at mid-gestation may still largely originate from the fetal thyroid gland with minimal contribution from transplacental passage.
Our patient is similar to one recently presented in a case report by Overcash et al. [40] in which the mother was also taking 50 times the dose of iodine recommended in pregnancy, resulting in a fetal goiter, with discontinuation of the supplements at 29 weeks' gestation. However, in that case, the patient was not treated with intra-amniotic levothyroxine injections. That infant was later diagnosed with bilateral hearing loss, which is a known complication of fetal hypothyroidism [41] [42] [43] . Hearing screening in our case revealed a normal response bilaterally. Further studies need to be done to determine if intra-amniotic treatment of hypothyroid fetuses significantly decreases the rate of postnatal sensorineural hearing loss.
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